Identification of target cells in lung tumorigenesis and characterization of the signals that control their behavior is an important step toward improving early cancer diagnosis and predicting tumor behavior. We identified a population of cells in the adult lung that bear the EpCAM þ CD104 þ CD49f þ CD44 þ CD24loSCA1 þ phenotype and can be clonally expanded in culture, consistent with the properties of early progenitor cells. We show that these cells, rather than being restricted to one tumor type, can give rise to several different types of cancer, including adenocarcinoma and squamous cell carcinoma. We further demonstrate that these cells can be converted from one cancer type to the other, and this plasticity is determined by their responsiveness to transforming growth factor (TGF)-beta signaling. Our data establish a mechanistic link between TGF-beta signaling and SOX2 expression, and identify the TGF-beta/SMAD/SOX2 signaling network as a key regulator of lineage commitment and differentiation of lung cancer cells. Lung cancer is the leading cause of cancer-related mortality in both men and women worldwide. Lung cancers are divided into two major categories: non-small-cell lung cancer (NSCLC) and small-cell lung cancer. NSCLC accounts for B80% of all lung cancers and is divided further into adenocarcinoma (ADC), squamous cell carcinoma (SCC) and large-cell lung carcinoma. Of the four major types of lung cancer, Kras mutations are present in about 30-50% of ADC, a smaller percentage of SCC (5-7%) and o1% of SCLC.
Lung cancer is the leading cause of cancer-related mortality in both men and women worldwide. Lung cancers are divided into two major categories: non-small-cell lung cancer (NSCLC) and small-cell lung cancer. NSCLC accounts for B80% of all lung cancers and is divided further into adenocarcinoma (ADC), squamous cell carcinoma (SCC) and large-cell lung carcinoma. Of the four major types of lung cancer, Kras mutations are present in about 30-50% of ADC, a smaller percentage of SCC (5-7%) and o1% of SCLC. 1, 2 Mutations of the p53 gene are common in all types of lung cancer and range from B30% in ADC to more than 70% in SCC and SCLC. 3 Other alterations occur at lower frequencies in NSCLC, including mutations in EGFR (15%), EML4-ALK (4%), ERBB2 (2%), AKT1, BRAF, MAP2K1 and MET. 2, 4 Previous efforts in comprehensive characterization of lung cancer include copy number and gene expression profiling, targeted sequencing of candidate genes and large-scale genome sequencing of tumor samples. [5] [6] [7] [8] [9] Significant progress has also been made in developing mouse models of lung carcinogenesis. 10, 11 The unifying theme underlying these studies is that there exists a permissive cellular context for each specific oncogenic lesion, and that only certain types of cells are capable of cancer initiation. [12] [13] [14] The lung consists of three anatomically distinct regions such as trachea, bronchioles and alveoli, each maintained by a distinct population of progenitor cells, that is, basal, Clara and alveolar type 2 (AT2) cells, respectively. 15, 16 Previous work has focused upon AT2 cells, Clara cells (or variant Clara cells with low CC10 expression) and the putative bronchioalveolar stem cells (BASCs) as potential cells of origin for lung ADC. 12, 14, 17 However, to date, only AT2 cells have been conclusively identified as having the potential to be the cells of origin for lung ADC. 14, 17 This raises the question of whether Clara cells, their restricted subpopulations or the newly identified candidate stem cells, termed distal airway stem cells, 18 alveolar epithelial progenitor cells (AECs) 19, 20 and BASCs, 12 also have the capacity to give rise to ADC. Current knowledge on the cellular origins of SCC, the second most common type of lung cancer, lags behind that of ADC, partly owing to the fact that squamous cells are not normally present in the respiratory epithelium, and therefore arise through either metaplasia (conversions between stem cell states) or trans-differentiation (conversions between differentiated cells). 21, 22 Whether the mechanisms of SCC causation vary by cell type, their responses to various cells signaling cascades (e.g., transforming growth factor (TGF)-beta, WNT, etc.), or other tumor characteristics is unknown at present.
To address the questions of cell type of origin and signal cascades that control their behavior, we developed in vitro culture conditions that favor the growth of lung epithelial cells with stem cell-like properties. We describe a population of cells isolated from the adult lung that, rather than being restricted to one tumor type, can give rise to several different types of cancer, including ADC and SCC. We also show that these cells can be converted from one cancer type to the other, and this plasticity is largely, if not solely, determined by TGF-beta signaling.
Results
Identification of tumorigenic cells in KrasG12D-induced lung carcinoma. The cell(s) of origin of NSCLC has not been formally identified, although AT2 cells and the putative BASCs have been proposed as initiating cell sources for lung ADC. 12, 14, 17 Here, we modeled the development of NSCLC using primary cells derived from crosses of LSL KrasG12D mice with p53-null mice (referred to as LSL KrasG12D p53 KO ). These mice allow cre-mediated expression of activated KrasG12D allele at a physiological level. 11 Lung epithelial cells were isolated by flow cytometry based on their expression of cell surface markers EpCAM, CD104 and SCA1, and lack of expression of CD31, CD45 and/or CD90. 20 FACS (fluorescence-activated cell sorting) analysis of the purified LSL KrasG12D p53
KO lung cells showed a nearly uniform expression of stem/progenitor cell markers EpCAM, CD24, CD44, CD49f, CD104 and SCA1 (Figure 1a) , with more mature EpCAM-/loCD49f-/loSCA1-/lo cells 20 representing a minority (Supplementary Figure 1) . BASC cells are defined by the surface phenotype of EpCAM þ SCA1 þ CD34 þ and expression of both SpC (AT2 cell marker) and CC10 (Clara cell marker). 12, 14, 17 Approximately 5% of our LSL KrasG12D p53 KO cells were also positive in CD34 staining (Supplementary Figure 2) . However, we found virtually no CC10 þ or SpC þ cells, implying that our cultures were not enriched in BASC-like cells. Hence, based on their FACS profile, our LSL KrasG12D p53 KO cells are relatively uniform and closely resemble the population of self-renewing EpCAM þ CD104 þ CD49f þ CD24lo AECs of the bronchioalveolar junction regions (Supplementary Figure 1) . These cells comprise B10% of all lung cells, express little or no CC10 and SpC, but they are able to give rise to the differentiated airway and alveolar cells. 19, 20 To delete the transcriptional termination cassette (Lox-StopLox) and thus activate the expression of the KrasG12D protein, we used a self-excising retroviral vector expressing Cre recombinase. 23 The presence of the activated KrasG12D allele was confirmed by western blot analysis of KrasG12D and total Kras expression (Figure 1b) , and by detection of active GTPbound Kras protein (Figure 1c ). Genomic PCR confirmed the presence of the recombined KrasG12D allele (Figure 1d ). FACS analysis revealed that KrasG12D p53 KO cells retained the major immunophenotypic features of their parental cells (Figure 1a) . Gating on the EpCAMhiCD49f þ cell fraction (presumptive lung epithelial precursor cells) 20 showed a substantial increase in the percentage of CD104hiCD44hiC-D24lo cells (Figure 1a ), but no change in the percentage of EpCAM þ CD34 þ cells (Supplementary Figure 2) .
To ascertain the tumorigenic potential of our cell populations, unsorted or FACS-sorted EpCAM þ SCA1 þ CD34 þ and EpCAM þ SCA1 þ CD34 À KrasG12D p53 KO cells were injected subcutaneously into nude mice. We found that FACS-sorted CD34 þ and CD34 À cells exhibited similar tumorigenicity in vivo (Supplementary Figure 2) . Furthermore, in both groups (i.e., CD34 þ and CD34 À ), morphologically identifiable tumor types included ADC (resembling human acinar type ADC), SCC and SC (sarcomatoid carcinoma, highly malignant variant of NSCLC) (Figure 1e and Supplementary Figure 3) . These data are consistent with previous reports showing that putative BASCs are not the only cell type that gives rise to KrasG12D-driven tumors. 14, 17 More importantly, they demonstrate that our cultures contain cells with the potential to give rise to at least three different types of lung cancers, despite their apparent genetic and immunophenotypic similarity.
Cancers with distinct histological features originate from clonally derived cell populations. To exclude the possibility that the different forms of cancers could result from the expansion of rare KrasG12D p53 KO cells harboring other positively selected mutations, we generated clonal cell populations. FACS analysis revealed no significant immunophenotypic differences in clonally derived cell lines (Supplementary Figure 2) . Therefore, we used established lineage-specific intracellular markers (namely, p63, SOX2 and KRT15) of lung stem/progenitor cells. 18, 24, 25 We found the differential expression of these genes, which was maintained in the clonal populations after multiple passages (Figures 2a and b) . Clonal cells were accordingly categorized into three distinct groups: (Figures 2a and b) . Although the clonal cell lines displayed distinctive phenotypes, we found no differences in the levels of KrasG12D expression or ERK1/2 phosphorylation (Figure 2c ). However, they exhibited markedly different tumorigenic phenotypes (Figure 2d ), and generated several distinct types of cancer, rather than being restricted to one type, as judged by histology and marker analysis (KRT15 and p63) (Figure 2e ). Thus, when injected into mice, individual SP clones gave rise to two tumor types, ADC and SC; individual DP clones produced ADC, SCC and SC; and the TP clones gave rise to SCC and SC (Supplementary Figure 4) . Some of these clonally derived tumors were composed of histologically different components, that is SCC, ADC and/or SC (Supplementary Figure 4) , suggesting that they originated from cells capable of multidirectional differentiation. The stem cell-like characteristics of individual cell clones were confirmed based upon their ability to form multicellular spheroids (tumor spheres) in nonadherent serum-free conditions (Supplementary Figure 5) . All of the tumor sphere cell populations assayed demonstrated a high level of phenotypic plasticity that enabled them to undergo reversible differentiation and renewed proliferation (Supplementary Figure 5) .
TGF-beta-mediated response regulates lineage commitment of lung cancer cells. Loss of the type 2 TGF-beta receptor (TBR2) expression was seen in 450% of the tumors in nude mice induced by KrasG12D p53 KO cells (Figures 3a and b) . All of these TBR2-negative tumors were morphologically pure SCCs and expressed high levels of KRT15 and the transcription factors SKI, p63 and SOX2 (Figures 3a and b) , which are known prognostic indicators and markers of SCC. [26] [27] [28] In contrast, the TBR2-positive tumors were either ADCs or SCs, which had low or no expression of SKI, p63, SOX2 or KRT15 (Figure 3b ). To determine whether the loss of TBR2 expression indicated that the TGF-beta signaling had a mechanistic role in the development of ADC and SCC, we used three different approaches: (1) genetic or pharmacological inactivation of TGF-beta signaling in premalignant and cancer-derived cell lines; (2) dominant interference with the formation of SMAD complexes in these cell lines; and (3) constitutive activation of the TGF-beta receptor signaling in premalignant KrasG12D p53 KO cells and tumors.
We started by expressing a kinase-defective dominantnegative form of TBR2 (DN TBR2), which partially blocks TGF-beta pathway activity. Stable expression of DN TBR2 led to a shift of tumor morphology toward an exclusive squamous phenotype ( Figure 3c ). Remarkably, clonal cell lines that previously were able to give rise to two or three distinct tumor types now produced just one, that is, SCC (Figure 3c ). No ADCs were detected in this group. Next, we tested the biological responses of clonal KrasG12D p53 KO cells to stable expression of a constitutively active TGF-beta receptor 1 (TBR1 T202D), which bypasses the TGF-beta and TBR2 requirement. Tumors derived from such cells were classified as either SCs or ADCs on the basis of predominant cell morphology (Figure 3d ), whereas SCCs were no longer detected in this group. Western blot analysis of the transduced cell lines revealed that only moderate expression of the exogenous TBR1 T202D was achieved, but this was sufficient to generate increased chronic activation of TGF-beta signaling, as evidenced by SMAD2 phosphorylation (Figure 3d ). These data indicate that repression of the TGF-beta pathway at the receptor level promotes the formation of SCC, whereas its constitutive activation promotes the formation of ADC and/ or SC. Most importantly, these data suggest that KrasG12D KO cells are interconvertible for the tumor types they form (i.e., ADC, SC or SCC), and their differentiation potential is determined by TGF-beta-mediated signals.
Interference with the formation of active SMAD complexes promotes squamous cell carcinogenesis. We next sought to determine whether inactivation of SMAD signaling was of functional importance in lung carcinogenesis. Because the oncoprotein SKI acts as a potent negative regulator of the formation of active SMAD2/3-SMAD4 complexes, 29, 30 we tested the consequences of expressing the SKI protein in various cell types. We found that ectopic expression of SKI in premalignant KrasG12D p53 KO cells, their clonal derivatives or cancer-derived ADC cell lines in all cases led to the subsequent development of carcinomas exhibiting pure squamous morphology (Figure 4a and Supplementary Figure 6) . Moreover, these SKI-modified cancer cells acquired increased expression of p63, SOX2 and KRT15 (Figure 4b ), demonstrating functional loss of TGF-beta responsiveness in these cancer cells. Treatment of premalignant KrasG12D p53 KO cells or ADC-derived cell lines (e.g., ADC#6, Figure 3b ) with the TBR1 inhibitor SB431542 also induced robust expression of markers found in SCC, namely SKI, SOX2 and KRT15 (Figures 4c and d) . We noted that SKI-expressing cells gave rise to tumors with an increased penetrance and shorter latency compared with cells transduced with vector alone or DN TBR2-expressing retroviruses (Figure 4e and Supplementary Figure) . In contrast to the reduced tumor latency, there was no change in the rate of tumor growth in mice (Figure 4f and Supplementary Figure 7) , suggesting that SKI does not alter cell growth per se, but may have an active role in maintaining tumorigenic properties of cancer cells. To test this idea, we serially transplanted SKI-expressing cancer cells into Figure 7) . Furthermore, immunostaining of a human lung carcinoma tissue array indicated that SKI is frequently expressed in SCC (Supplementary Figure 8) , supporting its role in lung carcinogenesis.
SKI and SOX2 display partly redundant roles in lung carcinogenesis. Amplification of the SOX2 locus is a common event in lung SCCs. 26, 27 Given the importance of SOX2 in the maintenance of stem cell phenotypes and the apparent relationship between SOX2 expression status and tumor malignancy, 5,31,32 we sought to establish the role of TGF-beta in the regulation of SOX2 expression. Notably, SOX2 has been reported to co-occupy SMAD4-binding loci in ES cells, 33 and to antagonize TGF-beta's activity during reprogramming of mouse embryonic fibroblasts (MEFs) into an ES-like state. 34, 35 Therefore, we examined the specificity and reciprocity of TBR2, SKI and SOX2 expression in premalignant cells and the tumor-derived cell lines. We found that ectopic SOX2 caused stabilization of the SKI protein level in several cell types, including MEFs (Figure 5a ), untransformed LSL KrasG12D p53 KO lung epithelial cells (LECs) (Figure 5a ) and premalignant KrasG12D p53 KO cells (Figure 5a ), but not in TBR2-negative cancer cell lines, implying that SOX2 overexpression causes a loss of TGF-beta responsiveness in cancer cells. Consistent with this notion, tumors generated from SOX2-transduced precancerous KrasG12D p53 KO cell lines or cancer-derived ADC cell lines (e.g., ADC#6, Figure 3b) were structurally similar to the SCC tumors generated by DN TBR2-or SKIoverexpressing cells, exhibiting a characteristic squamous morphology with pronounced keratinization and formation of keratin pearls (Figure 5b) . Thus, in addition to revealing a positive reciprocal relationship between SOX2 and SKI (Figure 5c ), these data indicate that SOX2 and SKI may act in a partially redundant manner to promote a squamous phenotype of lung cancer cells.
Identification of KrasG12D expression signature in lung cancer cells. To further explore the role of TGF-beta signaling in lung tumorigenesis, we performed microarray analysis of isogenic ADC and SCC cell lines expressing endogenous KrasG12D (Figure 6a ). Inoculated into nude mice, these cell lines produce ADCs and squamous carcinomas, respectively. The SCC was generated from the parental ADC by means of SKI overexpression (see Figure 4a) . We identified B530 genes differentially expressed by more than four-fold in ADC and B790 genes differentially expressed in SCC compared with untransformed controls (Figures 6b and c) . Many of the gene expression changes were shared between ADC and SCC and also have been found in human cancers (Supplementary Table 1 ). Besides Sox2, p63 and Krt15, the known differentially expressed genes in each cancer type represented several functional groups, including metabolism, cell adhesion and migration, signal transduction and transcriptional regulation (Supplementary Table 1 ). Of the four previously identified gene expression signatures predictive of cytogenetic and molecular subtypes of human lung SCC (i.e., primitive, basal, secretory and classical), 5, 36 SKIinduced tumors closely resembled the primitive subtype (Supplementary Table 2 ). Although an active MYC expression module is observed in many cancer types, 37 a set of genes reported to be induced by MYC activation showed no significant overlap with our data sets (Figure 6d ). By contrast, the activity of TGF-beta/SMAD expression module (genes regulated via the canonical TGF-beta pathway) was markedly repressed in SKI-expressing tumor cells (Figure 6d ), the core pluripotency module (target genes of SOX2 and other pluripotency-associated transcription factors) was activated in SCC cells (Figure 6d ), whereas the NF-kappaB geneexpression module was activated in ADC cells (Figure 6d ). Western blotting confirmed that SKI is often coexpressed with SOX2, OCT4 and KLF4 (Supplementary Figure 7) . Considering the fact that, pathologically, lung ADCs carrying Kras and p53 mutations are classified as poorly differentiated, high-grade cancers, 38, 39 the expression of pluripotency-associated transcription factors indicates that KrasG12D-generated SCCs are composed of cells that are relatively immature.
Discussion
The main objective of this study was to understand the role of TGF-beta signaling in epithelial plasticity and lung carcinogenesis. Toward this goal, we developed isolation and culture conditions that favor the growth of lung epithelial cells with stem cell-like properties. We identified a population of cells in the adult lung that bear the EpCAM þ CD104 þ CD49f þ CD44 þ CD24loSCA1 þ phenotype and can be clonally expanded in culture. On the basis of their FACS profile, our cells bear close phenotypic resemblance to the recently described population of self-renewing AECs, 19, 20 which express little or no CC10 or SpC, but give rise to the differentiated airway and alveolar cells both ex vivo and in vivo. 19, 20 We find that these cells represent a heterogeneous population that can be discriminated on the basis of p63, SOX2 and KRT15 expression, consistent with the notion that cancer cells rely on the continuous activation of lineagedetermining transcription factors involved in cell-fate decisions and lineage commitment. 40 This in turn implies that the cell(s) of origin of lung cancer are more diverse than previously recognized. 12, 14, 16 The two most common histological types of human lung cancer, ADC and SCC, are sufficiently distinct to be recognized as separate entities with different mutational profiles and pathological characteristics. 7, 41 Whereas ADCs tend to arise peripherally and are believed to develop from alveolar or bronchiolar cells, SCCs, particularly those that arise centrally, evolve from preinvasive lesions termed bronchial dysplasia, which then progress to carcinoma in situ and invasive carcinoma. 16, 42 The most notable difference between the two main types of human NSCLC is that EGFR and Kras mutations are more common in ADCs (about 30-50%) than in SCCs (5-7%). A recent comprehensive genomic characterization of human lung SCCs from large cohorts of patients revealed that the vast majority of tumors (B70%) carry genetic alterations in at least one of the three overlapping cellular pathways: receptor tyrosine kinases (RTK), PI3K/AKT and RAS. 5 Thus, gene expression and pathway signatures of lung ADC and SCC show both similarities and differences.
A striking finding of this study is that a population of lungderived cells with the immature epithelial phenotype of precursor cells is able to generate several different histological types of cancer, including ADC and SCC, rather than being restricted to one type. Our data indicate that, in the context of mutant Kras-driven tumors, repression of the TGFbeta pathway strongly promotes the formation of SCC, whereas activators of this pathway favor the development of ADC. This was true for premalignant cells and even for tumor cell lines derived from primary ADCs, which, upon disruption of TGF-beta signaling, subsequently gave rise to SSCs. We went on to demonstrate a close connection between TGFbeta signaling and SOX2 expression, and identify SKI and SOX2 as regulators of lineage commitment of KrasG12D-expressing lung cancer cells. Our present observations provide support to the view that the biological state of the cell of origin (i.e., the cellular context) is an important determinant of carcinogenic potential. [43] [44] [45] Questions remain as to how one transformed cell type turns into a different cell type. Our evidence indicates that this process bears the characteristics of lineage reprogramming, a type of metaplasia driven by fate-determining transcription factors (e.g., SOX2), wherein cells switch lineages to create another cell type without induction of hybrid cell phenotypes. 46 In agreement with our results, recent studies indicate that the startling phenotypic heterogeneity of cells within tumors can be driven by reversible epigenetic changes within populations of tumorigenic and nontumorigenic cancer cells. 43, 44, 47, 48 Our study extends the concept of cellular plasticity in cancer by showing that KrasG12D-transformed lung epithelial cells acquire the ability to give rise to several different tumor types rather than one type. As such, our findings represent a profound divergence from the accepted hierarchical models of epithelial carcinogenesis and may have widespread implications to various types of malignancies. On a practical note, they may explain why some mouse lung ADC models also develop squamous morphology. 49 Although some caution is warranted in extrapolating these results to the human disease insofar as they are not yet corroborated by other evidence, our results establish a new paradigm for our understanding of pathological implications of cellular plasticity in cancer and, more specifically, its role in lung cancer causation and progression. Given the major differences between human and mouse airway cell populations, 16, 18, 24 and taking into consideration the role of carcinogens in human lung cancer that are lacking in this model, it is important to establish whether there are causal relationships between oncogenic mutations discovered in major types of lung cancer, target cells of transformation and the subtypes of lung cancer.
Materials and Methods
All animal studies were approved by the Institutional Animal Care and Use Committee at Stony Brook University. We used previously described LSL KrasG12D mice 11 crossed to p53-null mice. Adult lung epithelial cells were prepared from 4-to 6-week-old mice. Lungs were washed in PBS, minced and treated with collagenase/ dispase (Roche, Indianapolis, IN, USA, final concentration 2 mg/ml) for 2-3 h. The digested tissue was washed in DMEM and filtered through a 40-mm nylon filter. Red blood cells (RBC) were lysed with RBC lysis solution (0.15 M NH 4 Cl, 10 mM KHCO 3 , 0.1 mM EDTA) for 2 min, followed by a washing step. All cells, unless otherwise specified, were grown on gelatinized plates in CnT-17 medium (CellnTec, Zen-Bio, Research Triangle, NC, USA). To delete the transcriptional termination cassette (Lox-Stop-Lox) containing the puromycin resistance gene and thus activate expression of the KrasG12D protein, we used a self-excising retroviral vector expressing Cre. 23 The presence of the recombined KrasG12D allele in the cells was confirmed by selection of cells in puromycin. 50 The efficiency of recombination was Z90%, as measured on days 4-8 post infection. PCR primers for detecting the WT and KrasG12D alleles were as follows: 5 0 -tccaacacagatgttcttaggctac and 5 0 -tccg aattcagtgactacagatgtacagag. PCR products were separated on a 2% agarose gel. Successful recombination (single LoxP site) yields an B340-bp product (B300-bp in WT Kras allele). For flow cytometry, cells were lifted with Accutase (Sigma), stained with FITCI-, PE-or APC-conjugated antibodies to CD90 (Thy1.2), SCA1 (stem cell antigen 1), CD326 (EpCAM), CD104 (integrin b4), CD49f (integrin a6), CD44, CD34 and CD24 (eBioscience or BD, San Diego, CA, USA) and analyzed using FACSCalibur (BD) with the CellQuest software. Cell viability was measured using propidium iodide (PI) staining. Cells were injected subcutaneously into nude mice at 4 sites on the back of the mouse (2 Â 10 4 cells per injection site). We defined tumor latencies as the period between injection of tumorigenic cells into mice and the appearance of tumors of Z1 mm in diameter. The survival end point was a tumor diameter of 1 cm. The xenograft tumors were passaged in vitro as cell lines to remove contaminating non-neoplastic cells, facilitating the detection of mutations. The cell lines were derived from TBR2-negative tumors (morphologically pure SCCs that expressed high levels of KRT15 and the transcription factors SKI, p63 and SOX2) and TBR2-positive tumors (either ADCs or SCs, which had low or no expression of KRT15, SKI, p63 or SOX2). The lines are referenced based on the type of tumor from which they were derived, for example, SCC#1. When serially transplanted into secondary recipient mice, the secondary tumors in all cases displayed the histological appearance of the respective primary tumors. For sphereforming assays, single-cell suspensions were cultured in ultralow attachment 6-well plates (Corning, Tewksbury, MA, USA) with CnT-17 medium in the presence or absence of exogenous TGF-beta, EGF and bFGF (10 ng/ml each) at 2 Â 10 4 -10 5 cells per well. Standard protocols were followed for western blot analysis. We used antibodies specific for Kras (Ab-1), Ras Asp12 (Ab-1), Pan-Ras (F132-62, all from Millipore, Billerica, MA, USA), Hras (6100001, BD), MYC (N-262), SKI (H-329, both from Santa Cruz), SOX2 (AB5603, Millipore), KRT15 (AJ1220b, Abgent, San Diego, CA, USA), KRT17/19 (D32D9, Cell Signaling) and MAPK (05-157, Upstate). The Ras activation assay was performed using an agarose-bound GST-fused Rasbinding domain (RBD) of Raf-1 (Cell Biolabs, San Diego, CA, USA). Briefly, cells were plated at equal density, grown in CnT-17 medium, washed with cold PBS and lysed. The activated Ras was pulled down with agarose-conjugated Raf-1 RBD, followed by SDS/PAGE gel electrophoresis and immunoblotting with anti-Kras, Hras and Pan-Ras antibodies. We used replication-defective retroviral vectors encoding
